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ABSTRACT Two terminal abrupt junction diodes are fabricated from single semiconducting carbon nanotubes

with simple photopatterned polymer layers defining air-stable p- and n-regions. These intratube diodes show

nearly ideal behavior with relatively low series resistance and no sign of Zener breakdown at room temperature.

Spatial doping profiles measured by micro-Raman spectroscopy and selective electrochemical gating of the n-

region indicate that diode performance depends strongly on relative doping levels. A short circuit current of 1.4

nA with an open circuit voltage of 205 mV are measured when illuminated to saturation.
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igh performance cost-efficient

computing, communication, and

energy harvesting systems are
among many improvements anticipated by
incorporating nanoscale materials into elec-
tronics and photovoltaics. Because of their
unique electronic properties, carbon nano-
tubes have been at the forefront in the de-
velopment of next generation electronic
devices." * The p—n diode is arguably the
most pivotal electronic and photovoltaic
device. However, theoretical studies have
had mixed conclusions on how well a car-
bon nanotube would perform as the active
element in a diode®® with one of the key is-
sues being Zener breakdown caused by
small depletion width within the nanotube.
Experimentally, this has been averted by
implementing an intrinsic region to sepa-
rate heavily doped regions resulting in a
p—i—n structure.” ' A major drawback of
these p—i—n devices lies in the dual-gate
geometry for electrostatic doping which re-
quires cumbersome device fabrication and
unnecessarily adds two more terminals to
one of the simplest circuit elements. Fur-
thermore, the addition of the intrinsic re-
gion degrades device performance by pos-
sibly uncovering carrier trap sites (and
therefore sometimes requiring further fabri-
cation steps to suspend the active area
above the substrate) as well as increasing

A“t%\&) VOL.2 = NO. 10 = ABDULA AND SHIM

the series resistance. Chemical doping has
been another approach where p-doping of
nanotubes by ambient air'' % is preserved
with a polymethylmethacrylate (PMMA)
protecting layer over half of the device
channel while potassium'® converts the
other half n-type.'® A leaky diode behavior
results in this case due to the degenerate
doping from such a low work function
metal. Such a device also has to be kept un-
der vacuum to maintain the n-doped re-
gion. Replacing potassium with small amine
molecules can maintain rectifying behavior
but only a p—p™~ junction has been
achieved.'” Intratube p—n diodes have
also been fabricated using nanotubes par-
tially impregnated with Fe atoms during
chemical vapor deposition with ferrocene,'®
but this process lacks the precise spatial
control over defining doped regions which
may lead to low yields of functional devices.
Here, we fabricate single semiconduct-
ing carbon nanotube p—n diodes by simple
patterning of polymers using conventional
lithography. Spatial doping modulation is
achieved by deep UV lithography of PMMA
containing tetracyanoquinodimethane
(TCNQ) followed by spin casting polyethyl-
enimine (PEI). Half of the channel covered
by PMMA/TCNQ enhances p-type charac-
ter'® while the PEI covered region becomes
air-stable n-type.?® These devices do not
make use of an artificial intrinsic region and
are entirely on substrate with a simple two
terminal geometry. We show that they are
high quality, low-leakage diodes. Doping
levels and spatial doping profiles and their
effects on diode performance are examined
by a combination of Raman and electro-
chemical gating measurements. Finally, we
present our initial studies on photovoltaic
response of these intratube p—n diodes.
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Figure 1. Ips—Vps characteristics at three stages of device fabrication:
(1) initial, (1) nanotube protected with PMMA/TCNQ over half the chan-

Supporting Information). Because of this hys-
teresis, we fit only the data in the voltage
range where nanotube conductivity is pre-
dominant. With the exception of device 2
which contains electrolyte dissolved in PEI,
Ios down to a few pA can be analyzed reli-
ably without complications from the hyster-
esis. Both the forward and the reverse volt-
age sweeps are shown in Figures 1 and 2 to
confirm that the hysteresis does not degrade
overall performance.

As the fitting parameters suggest, fabrica-

nel and exposed to air on the other half, and (lll) completed diode with  tjon of a nearly ideal, on-substrate, two-

PEl filling the patterned window. Voltage is always applied on the
PMMA/TCNQ side. Both forward and reverse sweeps are shown. Inset is

an SEM image of the device in stage I.

RESULTS

Dark Current Characteristics. The progression of I5s— Vs
behavior at each step of fabrication for a representa-
tive device is shown in Figure 1 along with schematics
of the device geometry. After Ar annealing of the as-
fabricated device (geometry ), Ins—Vpg characteristics
are symmetric which ensures that changes in the elec-
trical behavior are due to intentional doping. The onset
of current rectification at negative voltages is already
achieved in device geometry Il even without PEI which
indicates that PMMA/TCNQ dopes nanotubes more
p-type than air, in accordance with the direction of ap-
plied bias. After application of PEl, significantly better
diode behavior results. Important to note is that we do
not see the onset of Zener breakdown as Zhou et al.,
have'® with a potassium-doped abrupt p* —n™ junc-
tion where I5s—Vp becomes nearly ohmic. Our diodes
show a reverse current that is 3 orders of magnitude
smaller than the forward current when biased at the
sweep extrema indicating that we are close to the stan-
dard p—n doping profile.

To characterize the performance of the devices, we
fit our data to a modified Shockley equation with a se-
ries resistance, R,, similar to Lee et al.® and Bosnick

.10
q(Vps — IR,
IDS:lR{exp[%] - 1} (M

etal.:

I is the ideal diode leakage current, g is the electric
charge, and kgT is the thermal energy. The ideality fac-
tor, n, is a measure of carrier generation and recombi-
nation from trap sites within the depletion region and
takes on values between 1 and 2 with larger values be-
ing when trap-mediated generation-recombination
current becomes dominant.

Figure 2 shows the fitting results for three devices.
A small drawback to using polymers as dopants is their
slight conductivity and/or charging which can lead to
non-negligible hysteresis at small current levels (see
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terminal diode without the intentional use
of an intrinsic region is possible. This region
has previously been deemed necessary'® to
prevent Zener breakdown'® due to the small
depletion widths expected in abrupt intratube p—n
junctions.® The absence of this region is expected to de-
crease R, and reduce the number of viable defect states
that would otherwise increase n. Both devices 1 and 2
show nearly ideal behavior with R, being only about
half of that observed in p—i—n diodes of ref 8 and close
to that of p—i—n diodes in ref 10. Note that our di-
odes have much longer channel lengths (~20 times or
more) than devices in refs 8 and 10. Scaled to same
lengths, we expect about an order of magnitude im-
provement in the series resistance. The larger series re-
sistance of device 3 is a consequence of the extent of
doping which is explained later.
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Figure 2. Forward bias current and curve fits for three dif-
ferent devices (labeled 1, 2, and 3) having a range of perfor-
mance parameters. Device 2 has electrolyte in the PEI de-
fined n-region which may be the reason for its higher
leakage current. Both forward and reverse sweeps are
shown.
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Figure 3. Changes in electrical behavior of device 3 after 1
month in ambient air. Forward and reverse sweeps are
shown for both cases.
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Figure 5. (a) Raman G-band spectra of the p-region (red) and n-region (blue) of the
three diodes from Figure 2. Arrows point to w_ frequencies at the maxima. (b) De-
vice performance dependence on Raman G™ peak shift for the same three devices.
The ideality factor, n, depends on the degree of doping on each side of the junction,
the average of which is represented by Aac_, . The line is a guide to the eye.
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Figure 4. Change in the G-band LO phonon position (Aw_ )
of device 2 along the nanotube length around the junction.
The vertical line represents the charge neutral point where
E- = (E. — E,)/2. The inset is a schematic band diagram show-
ing the doping profile of the device according to the ob-
served Awg,, .

In addition to simplicity in fabrication, an advan-
tage of using PEIl to achieve n-type character is the sta-
bility in air. Potassium-doped devices must be kept un-
der vacuum because of the small work function of the
alkali metal.’® Fe-filled carbon nanotube diodes have
been shown to be air stable, but the lack of spatial con-
trol over doping may lead to low yields of working
p—n junctions.'® Of the 10 single tube p—n diodes fab-
ricated by photopatterning of polymers, all have shown
rectifying behavior. Figure 3 shows the electrical behav-
ior of diode 3 immediately after fabrication as well as af-
ter 1 month in ambient air. The increase in the forward
bias current may indicate that the device improves over
time, but the reverse current also increases slightly.
One probable cause of this may be PEI diffusion into
the PMMA/TCNQ region which grades the junction
causing lps—Vps to look increasingly more ohmic. The
ability to cross-link PEI?" can possibly improve stability.
Nevertheless, the diode still shows rectifying behavior
even after such a long time in air.

Doping Profile and Degree of Doping on Diode Performance.
In addition to electrical measurements, Raman spectros-
copy has been one of the key approaches to studying
charge transfer/doping in carbon nanotubes.?>~° In the
limit of low doping levels, both p- and n-doping leads to
an essentially symmetric upshift in the G-band LO
phonon peak positions (wg.,).2”® That is, when the Fermi

level moves toward either the valence or the conduction
band edge, w_. increases symmetrically from a minimum
value 0, (which occurs precisely at midgap). A spatial
profile of the change in ws, (Awg. ) around the deple-
tion region of device 2 is shown in Figure 4. Here, Ao
= wg, (geometry lll) — wc, (geometry I), where the de-
vice geometries correspond to schematics in Figure 1.
Prior to any polymer patterning (geometry I), ws_ is
nearly constant at ~1589 cm ™ in this region of the nan-
otube. The charge neutral line is placed where the mini-
mum in Ao, appears (i.e., where wQ) is). At this point
Awg,. = —1cm™ " and therefore the initial w,_. is only 1
cm ™" higher than »®, indicating that this nanotube be-
gins as nearly intrinsic. Upon polymer patterning to de-
fine the p—n junction, there is about 8 cm ™" upshift with
respect to o, on the PMMA/TCNQ side (p-region) indi-
cating that the tube is doped significantly more p-type
than in air. This difference in doping leads to p—i junc-
tion for the device having geometry Il and explains the
rectifying behavior even without PEI as observed in Fig-
ure 1. The PEl covered side (n-region) of the nanotube also
exhibits an upshift in we, (~5cm™" with respect to
0?,). Larger Aw,_. on the p-region indicates that the
amount of p-doping by PMMA/TCNQ is somewhat larger
than that of n-doping by PEI.

The Raman spectra of p- and n-regions of all three
devices in Figure 2 are shown in Figure 5a. Device 3
which has the lowest performance (i.e., ideality factor n
= 1.41 and large series resistance R, = 42.5 M(}) exhib-

its the smallest changes in w._ with respect to 0. (as-

suming 0, to be the same for all three tubes—this as-

sumption is justified given ref 29 where ), has been
shown to be independent of diameter for semiconduct-
ing tubes). Following ref 27, Awg . (Aw?2.), the G©
peak spectral shift with respect to 2. for the n-region
(p-region), should scale as n,? (pp3) in the low doping re-
gime; n, and p,, are the majority carrier densities. De-
vice 3, then, has the lowest overall doping level with
both p- and n-regions closer to being intrinsic than the
other two devices. This leads to a larger series resistance
as observed. We also expect less ideal diode behavior
for device 3 since low majority carrier density will cause
larger depletion widths (W) which in turn leads to larger

trap-mediated generation-recombination cur-

y rent (i.e., the trap generation-recombination cur-
rent is proportional to W, see eq 2 below). Ac-

{ cording to ref 5, W o exp(C/p) for a symmetric
p—n junction (n,, = p, = p), with doping frac-
tion p and constant C. We define an average G*
{ peak position shift as Awg, = (Awg, +
Aw?.)/2 and note Awg_, = p* from the cubic re-
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18 lation described above, leading to In(W) o
(Ads,) "2, The decreasing ideality factor n
with A@¢_, shown in Figure 5b may then be ex-
plained by larger doping levels causing smaller
W which in turn decrease trap-mediated
generation-recombination current.
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Figure 6. Magnitude of reverse currents for multiple gating
potentials on the n-region, VgPE', as indicated. Hystereses in
each curve within the voltage range shown were negligible
and the forward and reverse sweeps were averaged for
clarity.
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To further investigate the extent of n-doping and
its effects on device performance, we have electro-
chemically gated the PEl/electrolyte region of device 2.
We first discuss reverse-bias regime. Figure 6 shows the
reverse current, I, for varying gate potential on the PEI
side, V7. 1, is given by>°

D, ni2 D, n,2 nW
I,b=qAlA/ =——Ft A/ ——+— (2)
T, N, TPy Ty

with cross-sectional area A, minority carrier diffusion co-
efficients D,, and D,,, lifetimes 7, and T,,, generation life-
time 7,4, and intrinsic carrier concentration n;. Note that
I, is different from Iz in eq 1 since the third term describ-
ing trap-mediated generation current in the depletion
region gets incorporated into the ideality factor in eq 1.
The first two terms are the ideal reverse-bias satura-
tion current (I in eq 1). At constant temperature and
bandgap (i.e., constant n)), increasing the doping level
of n- or p- or both regions should lead to a smaller I,
since n,, and/or p, will increase and W will decrease.
However, Figure 6 shows that /, actually increases with
n-region doping level (from V" = —200 to +800 mV).
Different behavior at V,°' = —800 mV is the expected
leaky diode behavior of a p—i (or p—p~) junction. As-
suming diffusion coefficients and lifetimes remain con-
stant, the only reason /, would increase with doping
level is if n; increased. At a fixed temperature, n; be-
comes larger only if the band gap becomes smaller. A
similar trend of increasing I, with doping has been ob-
served with the dual-gate diodes and has been attrib-
uted to band-gap renormalization (BGR).” BGR is the re-
duction of the band gap at high doping fractions of a
semiconductor due to many-body interactions.>' We
can estimate the ratio of reverse-bias saturation cur-
rents at two different V" values V,;; and V,, as: [,(V,,)/
1,(Vg2) =~ expllE,(Vy,) — E,(Vy1)l/kg T} where E, is the ac-
tivation energy for minority carrier formation outside
of W as described by Lee.’ Then, we obtain an E, differ-
ence [E,(V,,) — E,(Vg,)] of ~0.02 eV for V¥ = 200
and 800 mV which is very similar to that seen for dual
back-gate voltages of 5 and 7 V reported in ref 9. The
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Figure 7. Ideality factor and series resistance (inset) de-
pendences on VP® for device 2. Lines are guides to the
eye.

smaller gate voltage range needed here is due to the
higher efficiency of polymer electrochemical
gating.>>3? These results further support the idea of
BGR affecting intratube p—n diode operation.

Figure 7 shows how the series resistance and ideal-
ity factor depend on the electrochemical gate poten-
tial applied to the n-region of device 2. Curve fitting to
obtain n and R, is carried out in the same manner as de-
scribed for devices in Figure 2. The largest value of R,
is seen at V5" = —500 mV. We expect the highest re-
sistance when a p—i doping profile is achieved since the
“depletion width” is about the size of the entire, highly
resistive, intrinsic region. That is, at V"™ = —500 mV,
we completely remove all doping on this side. A Fermi
level shift of ~500 mV by PEI doping is consistent with
refs 33 and 34. As a more positive V¥
density in the n-region, W decreases which in turn de-
creases R, as observed. At a more negative gate voltage
of —800 mV, the n-region is now converted to slightly
p-type leading again to lower R, values but at the price
of leaky p—p~ junction behavior consistent with the
observed reverse current in Figure 6. The PEl/electro-
lyte gate dependence of n shows a minimum value at
VP = —200 mV (i.e., about 300 mV above the middle
of the band gap inferred from the R, maximum at —500

-
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Figure 8. Response of reverse current to 0.44MW/cm? 633
nm excitation for device 2 as the laser (~1 pum spot size) is
scanned along the channel of the diode. The Raman inten-
sity spatial map (above) is scaled 1:1 on the position axis of
the figure. Lower intensity for the p-type region is primarily
due to photon scattering through both PEI and the protect-
ing PMMA/TCNQ layer underneath while the laser is only
scattered through PEIl on the n-type side.
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Figure 9. (a) Photovoltaic response of device 2 under laser (633 nm) excitation at the p—n junction.
Hysteresis is negligible at this scale and therefore, the forward and reverse sweeps have been aver-
aged for clarity. (b) Close-up of Is in the power square region for laser intensity 0.77 MW/cm? (left axis).
Power = |Is X Vpg| is plotted on the right axis. V, and I, are the diode voltage and current values at

o = N W » O

v age (V) of 205 mV and a short cir-

maximum power. /.. and V,_ are short circuit current and open circuit voltage.
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mV). As the electrochemical gate potential places the
Fermi level at or below the midgap, less ideal diode be-
havior is expected as p—ior p—p~ junctions are formed
and is reflected by the increasing n value for V.75 <
—200 mV. The increasing n for V" > —200 mV may
be affected by BGR. The overall gate dependence of n
suggests that optimized doping levels may provide
ideal behavior even for diodes such as device 3 with
large initial n and R,.

Photovoltaic Response. We now discuss the photovol-
taic response of the polymer patterned intratube di-
odes. The laser from the Raman spectrometer has been
used here as the excitation source. This allows a simul-
taneous measurement of the Raman G-band map (top
image in Figure 8) and spatially resolved photore-
sponse. When the depletion region is excited, the pho-
togenerated electrons and holes are separated by the
electric field of the junction which causes an increase in
the reverse current. In Figure 8, a sharp increase in the
reverse current is seen only at the channel position
around 28 wm where the depletion region is located.
Photocurrent due to excitation in the doped regions
away from the junction is only ~20 pA and is expect-
edly smaller than reported photocurrent in undoped
carbon nanotubes.®

The Ips—Vps response to photoexcitation at the di-
ode junction is shown in Figure 9a. An open circuit volt-

METHODS

Devices were fabricated on preannealed single-crystal AT-
cut quartz wafers.3® Ferritin catalyst (Sigma), diluted 80000x
with DI water, was spin cast on the substrates at 2000 rpm for
30 s. Substrates with catalyst deposited were heated in air to 800
°C then placed under Ar/H, (150 sccm/150 sccm) flow and
heated to 900 °C. Nanotubes were grown with CH,/H, (300 sc-
cm/150 sccm) flow for 15 min at 900 °C. Ti/Au (3 nm/35 nm thick)
electrodes with a channel length of ~55 um were evaporated
on lithographically patterned samples (Shipley 1805 resist,
MicroChem MF-26A developer). All devices were annealed in
150 sccm Ar flow at 300 °C for 1 h prior to measurements to en-
sure symmetric Ins—Vps characteristics before p—n junction fab-
rication. Polymethylmethacrylate (PMMA) with 0.03 wt % tetra-
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0.0 V.V 0.2 0.4 0.0 01 02 the high intensity (saturation) re-
DS V) Vos V) gime. Although we cannot mea-

sure efficiency in this regime, the
maximum power and the fill factor
for this intratube p—n diode can be
determined. The power square re-
gion is enlarged for the higher in-
tensity excitation response along
with the corresponding power in Figure 9b. The maxi-
mum power this nanotube diode can provide is about
0.14 nW. The fill factor of the power square is a measure
of how well V. and I, translate to power output and
is calculated as FF = (I,V\W/, Vo = 0.498 for this de-
vice. While /.. and power cannot be compared directly,
FF obtained here is in the upper end of the range re-
ported for suspended dual-gate diodes with similar
V,.2 Further studies are underway to better quantify
photovoltaic properties.

CONCLUSION

We have presented a facile route to nearly ideal two-
terminal carbon nanotube diodes that are stable in air. Ra-
man spectroscopy and electrochemical gating measure-
ments have been used to examine how the degree of
doping and the doping profile along the length of the
nanotube affect diode performance. With optimized dop-
ing levels, nearly ideal diode behavior without the need
for an intrinsic region has been demonstrated. Initial stud-
ies on photovoltaic response presented here indicate
that these devices perform comparably to electrostati-
cally dual-gated nanotube diodes® without the need for
cumbersome fabrication steps to define additional termi-
nals and trenches to suspend the nanotube.

cyanoquinodimethane (TCNQ) was used to define p-region and
neat polyethylenimine (PEl, MW ~ 25000 daltons, Aldrich) was
used for n-region. First, PMMA/TCNQ was spin coated at 3000
rpm for 60 s. Standard deep UV lithography was carried out to
open a window over half of the channel. Then PEI was spin cast
on the device at 3000 rpm for 2 min. For electrochemical gating
measurements, a solution of 30 wt % PEIl and LiClO, - 3H,0 (4:1
PEI/LiCIO, - 3H,0 by weight) in methanol was used instead of
neat PEI

Electrical measurements were conducted with an Agilent
4156C semiconductor parameter analyzer. Raman data were col-
lected using a Jobin Yvon LabRam HR 800 micro-Raman with a
633nm laser excitation and a 100X air objective providing a spot
size of ~1 um. Raman signals from polymer films are removed us-
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ing background spectra taken where there is no nanotube present.
Scanning electron microscope images were obtained on a Hitachi
4700 SEM operating at 1 kV accelerating voltage.
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Supporting Information Available: Control s — Vs character-
istics across a device channel covered by PMMA/TCNQ and PEI
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